). The observation that the enhanceosome-dependent
recruitment program of chromatin modifiers/remodelers radiolabeled primer ␣ followed by primer extension ). Figure 1B (lanes 1 and and general transcription factors to the IFN-␤ promoter concludes with sliding of the nucleosome masking the 2) shows that in the WT IFN-␤ promoter, the nucleosome covering the core promoter (Ϫ15 to ϩ132) slides upon core promoter ) raised the question of whether the accurate execution of the IFN-␤ virus infection to a new position (ϩ20 to ϩ167), a result consistent with our previous studies (Lomvardas and transcriptional switch depends somehow on the precise nucleosomal promoter architecture. Here, we address ). Importantly, when primer ␣ was annealed with DNA extracted from mock-infected cells transthis question by creating an artificial enhancer/promoter configuration on which this nucleosome has been artififected with the IFN-␤ slid template, the extended product was 35 nucleotides long, indicating that the nucleocially delivered to the same site where it slides during gene activation. In other words, we have moved the some's 5Ј border is at ϩ22 (lane 3). Nucleosome sliding was not observed on this template upon virus infection nucleosome downstream to create an accessible IFN-␤ core promoter prior to enhanceosome assembly and (compare lanes 3 and 4). The position of the nucleosome in the IFN-␤ slid gene before and after virus infection was gene activation. We found that nucleosome repositioning results in major changes in the gene expression also verified using primers hybridizing to sequences located downstream of the site to which primer ␣ anneals profile of the IFN-␤ gene with regard to the temporal pattern of expression and the signal specificity of the (data not shown). These results demonstrate that in vivo, as was the case in vitro ( Figure 1A ), the artificial nucleotranscriptional response.
some-positioning signal is dominant to the natural IFN-␤ core promoter nucleosome-positioning signal. ImporResults tantly, virus infection did not cause nucleosome sliding at the IFN-␤ slid template.
Altering the Position of IFN-␤ Core Promoter Nucleosome In Vivo and In Vitro
We used an artificial nucleosome positioning sequence
Alteration of the Nucleosome Positioning at the Core Promoter Changes the Temporal Pattern to alter the position of the nucleosome that normally blocks the IFN-␤ core promoter (Ϫ15 to ϩ132). This of IFN-␤ Expression To investigate the transcriptional consequences of altersequence, a 40 bp segment of repetitive DNA called GT (see Experimental Procedures), was previously shown ing the nucleosomal positioning at the IFN-␤ promoter, we carried out transfection experiments in HeLa cells. to be a strong nucleosome-positioning signal (Shrader and Crothers, 1989). Upon nucleosome reconstitution,
The WT and the IFN-␤ slid templates were cotransfected into the same cells followed by either mock or virus the GT sequence is centered at the dyad symmetry of the nucleosome (Shrader and Crothers, 1989 ). Thereinfection for different amounts of time. RNA was isolated and the virus-induced transcripts synthesized from both fore, the GT sequence was inserted at the ϩ75 position of the IFN-␤ gene and tested for its ability to position templates were detected by RT-PCR and PAGE. The pair of primers used in the RT-PCR reactions flanks the the nucleosome in vivo and in vitro. This insertion site was chosen to position the nucleosome between ϩ22 site of insertion of the GT oligonucleotide and therefore detects and discriminates between both RNA products, and ϩ169 (IFN-␤ slid gene), closely approximating the position of the nucleosome at the IFN-␤ promoter following since they differ by 40 nucleotides in length. In parallel, the pattern of expression of the endogenous IFN-␤ gene sliding (ϩ20 to ϩ167; Lomvardas and Thanos, 2001). The wild-type and the IFN-␤ slid promoter fragments were was monitored using a different set of primers in the same samples. Figure 2A shows that in uninfected cells assembled into nucleosomes in vitro and the boundaries identified by ExoIII digestion. Figure 1A shows that the there was no detectable basal level expression from the IFN-␤ slid template, despite the fact that the core promoter nucleosome spans the region from Ϫ15 to ϩ132 on the WT promoter (lanes 2 and 3), as expected (Agalioti et  is quences in vivo, we mapped the nucleosome borders on both templates after transfection into HeLa cells, gene peaked at 6-8 hr post infection and gradually decreased. As a control, we showed that insertion of a which were either mock or virus infected. Indirect endlabeling nucleosome mapping experiment indicated that 40 bp fragment taken from the prokaryotic ampicillin resistance gene into the same position of the IFN-␤ the bulk chromatin organization was similar in both templates following transfection (data not shown). Furtherdid not affect the pattern of virus-induced transcription (Figure 2A) , thus excluding the possibility that in the site more, we had previously shown that the nucleosomal organization of transfected IFN-␤ promoters was identiof the insertion there is a critical regulatory element, which has been inactivated. Therefore, the IFN-␤ slid gene cal to that of the endogenous gene ). The histone-DNA contacts were fixed displays an abnormal temporal pattern of expression. The premature transcriptional activation of the IFNby formaldehyde crosslinking, followed by micrococcal nuclease treatment of isolated nuclei. DNA extracted ␤ slid gene prompted us to examine whether the enhanceosome assembles earlier on this template and from the resulting mononucleosomes was annealed with by the enhancer complex (the recruiting force), but is also read out (or filtered) by the local chromatin strucdifference correlates with the differences in recruitment of GCN5 to these promoters. The delayed association ture. The key prediction of this hypothesis is that transcription of the IFN-␤ slid promoter is independent of hisof GCN5 with the IFN-␤ slid promoter implies that the efficiency of its recruitment depends, at least in part, on tone acetylation (although it occurs), and independent of SWI/SNF (since it is not recruited). We therefore, carthe local chromatin organization (N. Munshi and D.T, unpublished data). Remarkably, we found that SWI/SNF ried out side-by-side in vitro transcription experiments using the WT and the IFN-␤ slid promoters to investigate is recruited very inefficiently to the IFN-␤ slid promoter; despite the fact that recruitment of CBP (which ordinarily these possibilities. First, we examined the role of histone acetylation on the rate of enhanceosome-induced prebrings SWI/SNF to the WT promoter) and histone acetylation (which stabilizes this recruitment) both occur initiation complex assembly. The WT and IFN-␤ slid templates were reconstituted into nucleosomes, followed ( Figure 2B ). Again, this observation agrees with the notion that stable recruitment of SWI/SNF to this promoter by enhanceosome assembly and incubation with HeLa nuclear extracts for different amounts of time to allow is mediated by its bivalent interactions with the enhancer complex and locally acetylated nucleosomes (Agalioti PIC assembly. Next, NTPs were added, followed immediately by the addition of sarkosyl (0.1%) to inhibit reinitiet al., 2000; Hassan et al., 2001). In the case of the IFN-␤ slid promoter, the acetylated nucleosome is posiation of transcription (Yie et al., 1999). The reactions were incubated for 30 min to allow transcription elongationed 38 nucleotides further away, compared to the WT promoter. This notion is also consistent with our tion and the correctly initiated transcripts were detected by primer extension. When the WT nucleosomal temobservation that SWI/SNF leaves the promoter immediately after nucleosome sliding, at time at which one of plate was not acetylated, the rate of PIC formation was at a very slow rate (half time ϭ 18 min) and the level of the two surfaces stabilizing SWI/SNF on the promoter changes position (T. Agalioti and D.T., unpublished data, transcription was very low even after 30 min ( Figure 3A) . When the WT nucleosomal template was acetylated by see also Discussion).
The experiments described above imply that the re-GCN5, the rate of PIC assembly was accelerated by Figure 3A, lanes 1-7) . Thus, histone acetylation enhanced both the rate and the extent of PIC assembly. differences are a consequence of different requirements for transcriptional activation. With the IFN-␤ slid template, In contrast with the IFN-␤ slid nucleosomal template, both the rate and the level of transcription were high and transcription is independent of enhanceosome assembly. In contrast to the WT promoter, which requires a histone acetylation had no effect (lanes 8-14) .
In 6 and 7) . Similarly, depletion of SWI/ SNF from the extract abolished enhanceosome-depenactivate only one of the transcription factors that ordinarily assemble into the enhanceosome. dent transcription from the WT nucleosomal template, but had no effect on transcription of the IFN-␤ slid nucleoIndeed, as shown in Figure 4A , the IFN-␤ slid promoter is activated by TNF-␣ treatment (lane 3), which activates somal template ( Figure 3C , 1996) . We propose here that the property of activators to recruit multiple complexes the decisive role of local chromatin structure in specifying the identity of an expression program at a level ensures that the gene will be activated at different stages of cell life, albeit via distinct mechanisms. If chrobeyond transcription factor binding.
Ordinarily, the enhanceosome's adhesive surface matin structure is inhibitory, then the modifiers/remodelers are required to alter it. The same modifiers could also does not function as a general low specificity activation domain (Struhl, 1999 ) but rather has a specialized funcbe recruited to the same gene in a chromatin permissive environment but their function is not critical for activation: it instructs a defined recruitment program of chromatin remodelers/modifiers and basal factors, which tion (background recruitment). In cases where recruitment of a chromatin remodeler, like SWI/SNF in the must be followed with precision to promote nucleosome
